The pufferfish Fugu rubripes was recently introduced as a new model organism for genomic studies, since it contains a full set of vertebrate genes but only 13% as much DNA as a mammal. Fugu genes tend to be smaller and densely spaced due to shortening of introns and intergenic spacers. We isolated the Fugu gene for the metal-responsive transcription factor MTF-1 (MTF1), a mediator of heavy metal regulation and oxidative stress response previously characterized in mammals. In addition, most of the cDNA sequence was also determined. The 780 amino acid MTF-1 protein of Fugu is very similar to that of mouse and human, with 90% amino acid identity in the DNA binding zinc finger domain and 57% overall identity. Expression of the pufferfish cDNA in mammalian cells shows that Fugu MTF-1 has the same DNA binding specificity as its mammalian counterpart and also induces transcription in response to zinc and cadmium. The proteincoding part of the Fugu MTF-1 gene spans 6.4 kb and consists of 11 exons. Upstream region and first exon constitute a CpG island. The distance between stop codon and polyadenylation motifs is Ͼ 2 kb, suggesting a very long 3 untranslated mRNA region, followed by another CpG island which may represent the promoter of the next gene downstream. Part of the MTF-1 genomic structure was also determined in the mouse, and some striking similarities were found: for example, the upstream adjacent gene in both species is INPP5P, encoding a phosphatase. The mouse MTF-1 promoter is also embedded in a CpG island, which however shares no sequence similarity to the one of Fugu. The Fugu CpG island is shorter than the one of the mouse and has no elevated [G+C] content; these and other data indicate that CpG islands of fish may represent a primordial stage of CpG island evolution.
Introduction
In 1993 Brenner et al. proposed the Japanese pufferfish Fugu rubripes, which belongs to the Tetraodontiformes, as a practical model for the comparative genome analysis of vertebrates, since it contains a full set of vertebrate genes, yet has a haploid DNA content of a mere 400 Mb, which is only 13% as much as that of a mammalian genome. Furthermore, teleosts (bony fish) have a body organization similar to that of higher vertebrates and share with them most of the complex physiological functions. Fugu genes code for proteins of similar size as mammalian ones but tend to be smaller and more densely spaced due to shortening of introns and intergenic spacers as well as the paucity of repetitive DNA, the selective pressure for which is unknown (reviewed by Elgar et al., 1996; Elgar, 1996) . Comparative sequencing projects between the genomes of mammals and Fugu rubripes indicate that Fugu represents a good model organism for the identification of mammalian genes and their control elements (Baxendale et al., 1995; Maheshwar et al., 1996; Mason et al., 1995) .
We have sequenced and characterized the complete Fugu ortholog of the metal regulatory transcription factor MTF-1, a zinc finger protein that was originally characterized in the mouse (Westin and Schaffner, 1988; Radtke et al., 1993; Labbé et al., 1993; Heuchel et al., 1994; Otsuka et al., 1994; Palmiter, 1994; Dalton et al., 1996; Bittel et al., 1998; Günes et al., 1998) . MTF-1 activates transcription in response to heavy metal load by binding to short DNA sequence motifs, so-called metal responsive elements (MREs) . MREs are found in metallothionein gene promoters in multiple, non-identical copies as well as in a number of other genes involved in metal homeostasis and cellular stress response (Searle et al., 1987; Stuart et al., 1985; Radtke et al., 1996) . We have reported elsewhere that both human and mouse MTF-1 contain six zinc fingers of the Cys 2 His 2 type and three distinct activation domains which are characterized by a high density of acidic residues, prolines, and serines/threonines, respectively (Radtke et al., 1993; Brugnera et al., 1994; Radtke et al., 1995;  for review see Heuchel et al., 1995) . Mouse and human MTF-1 proteins are highly similar with 93% amino acid identity, and are even more conserved in the DNA binding zinc fingers. In contrast to the generally high sequence conservation between the two species, MTF-1 from human and other non-rodents is extended by 78 amino acids at the C-terminus. Not only the protein-coding sequence, but also the entire cDNA sequence, including third base positions, leader (5Ј UTR), and trailer (3Ј UTR) are highly conserved among mammals. We have previously shown that MTF-1 can induce transcription from synthetic or natural promoters containing MREs, whereby the human factor is able to confer a higher metal inducibility than the one of the mouse, irrespective of the host cell species used for DNA transfection .
Since the genomic organization of this gene is unknown in human and only partially resolved in mouse, we have cloned and sequenced the Fugu MTF-1 gene, including the entire protein coding region as well as 3.7 kb of upstream and about 5 kb of downstream flanking sequences. In addition, Fugu MTF-1 cDNA sequences were obtained to allow for a definitive assignment of exons and introns. Our analysis revealed the genomic structure and the most conserved protein domains of MTF-1. The functional conservation of MTF-1 among vertebrates is underlined by its DNA binding and transcriptional activation properties in response to heavy metal load.
Results

Structure of Fugu rubripes MTF-1 and Comparison with Mouse and Human
Since mouse and human MTF-1 are very similar and their DNAs readily crosshybridize, we attempted to isolate the Fugu MTF-1 gene by hybridizing a Fugu genomic cosmid library with a human cDNA probe. Indeed, one Fugu cosmid clone was found to contain the entire MTF-1 gene (for details, see Materials and Methods).
In total, 15.5 kb of cosmid DNA spanning the Fugu MTF-1 gene were sequenced and assembled into a contig. In accordance with the expectation of a condensed gene structure, sequences homologous to mouse and human MTF-1 cDNAs were found to be contained within a genomic DNA segment of about 7 kb.
Most of the exons in the Fugu gene could be predicted by looking for consensus splice sites bordering the nucleotide and amino acid homologies to mouse and human, except the amino acids 390 -500 of mouse and human MTF-1 (corresponding to exons 8 and 9 in Fugu). Therefore, the precise borders of these exons were determined by RT-PCR with total Fugu kidney and liver RNA. Using three primer pairs, we obtained three overlapping PCR products representing the complete Fugu MTF-1 open reading frame.
Alignment of the cDNA sequence with the genomic sequence revealed that the Fugu MTF-1 protein coding region of 2 343 bp is distributed over 11 exons spanning 6 423 bp genomic DNA. The introns were found to be highly heterogeneous in size. Two large introns of 1.6 and 1.4 kb are located at the beginning of the gene, while the smallest intron covers only 66 nucleotides. Except for the last exon, which however seems to include a long 3Ј trailer (UTR) sequence, the exon size ranges from 67 to 471 nucleotides (Figure 1 A) . Seven presumptive polyadenylation signals with the sequences AGTAAA, AAT-TAAA, AATAAA are located more than 2 kb downstream of the stop codon, whereby the perfect consensus AATAAA is represented twice. Even though a long 3Ј UTR seems to be a common feature of mammalian and Fugu MTF-1 genes, neither the 5Ј UTR nor the 3Ј UTR is similar between mammals and fish.
With one exception, all splice sites in the Fugu MTF-1 introns conform to the [GT...AG] 'Chambon's rule' (reviewed in Senapathy et al., 1990) . A schematic drawing of the gene, together with the cDNA sequence and the splice sites, is shown in Figure 1 . Except for a so-called GSS element downstream of the MTF-1 gene, no major repetitive elements such as Alu, LINE or SINE sequences were found, neither within the introns nor in the flanking sequences of the Fugu MTF-1 gene. One small microsatellite-type repeat spanning 32 bp was identified in the first intron ([TG] 10 -[AG] 6 ).
The nucleotide sequence identity of the protein coding part between Fugu, mouse, and human ranges from 42 -84%. Exons 2, 3, 4 and 5, which code for the zinc finger DNA binding domain, are most highly conserved, with an average identity of 80% at the nucleotide level. Certain Fugu sequences are somewhat more closely related to human than to mouse. This concerns exons 6 and 7, encoding the acidic activation domain, and exon 10 comprising 22 amino acids of the serine/threonine-rich region.
Interestingly, both the Fugu and the mouse MTF-1 genes possess a typical CpG island at the 5Ј end which covers the putative promoter region and the first exon; however, these CpG islands show no obvious sequence similarity. If the [G + C] content of the two islands is compared, the Fugu island is shorter and has an inconspicuous [G + C] content whereas the mouse island, like other mammalian CpG islands, has an elevated [G + C] content compared to the flanking sequences (Figure 2 ). Downstream of the Fugu MTF-1 gene there is an additional CpG island, which might be part of the adjacent downstream gene. Between these two CpG island boundaries, the The nucleotide sequence of the cDNA is shown along with the deduced amino acid sequence, using the single letter code. Nucleotides are numbered relative to the translation start. The stop codon TGA is indicated by an asterisk. The six zinc fingers are framed with a solid line and numbered. Acidic, proline-rich and serine/threonine-rich activation domains, as characterized previously in the mouse are boxed with short lines (---), broken lines (-. -) and dots ( … ), respectively. Exon-exon junctions are indicated with filled triangles. (C) Exon-intron junctions of all 10 introns in the Fugu MTF-1 gene, with the corresponding splice donor and acceptor site sequences. Coding sequences are shown in upper-case letters along with the amino acid sequence, while intron sequences are in lower-case letters. The genomic sequence is available under EMBL accession no. AJ131394 and the cDNA under EMBL accession no. AJ131393. Identical residues are shown with black background and similar amino acids are shaded. Note the domains of very high similarity, and that the extended C-termini of human and Fugu MTF-1 are quite similar, whereas the one of the mouse is truncated (see also Discussion). Below is a summary of the percentage of amino acid (aa) identity and similarity, both for the total protein and the DNA binding domain, together with the nucleotide (nt) identity.
gene has an overall [G + C] content of 40%, whereas the protein coding sequence by itself is 50% [G + C]. In the mouse, the transcription start has been tentatively mapped (Figure 2 and data not shown) while the start site of transcription in Fugu has not been determined as yet.
We consider it likely that transcription, as in the mouse, starts within the CpG island. Remarkably, the upstream adjacent gene in both species encodes a phosphatase, namely inositol polyphosphate 5-phosphatase II (INPP5P) (Figure 2) .
Comparison of the MTF-1 Proteins
The Fugu metal regulatory transcription factor 1 consists of 780 amino acids and has a calculated molecular mass of 84.6 kDa. The overall structure of Fugu MTF-1 is the same as that of mouse and humans: a unique N-terminal region is followed by six zinc fingers of the Cys 2 His 2 type and three distinct putative activation domains with characteristic clusters of acidic residues, prolines, and serines/threonines. The amino acid sequence alignment of Fugu, mouse, and human MTF-1 proteins is shown in Figure 3 . The portions most similar to mammalian MTF-1 might indicate homologous, functionally important domains: namely, the six zinc fingers, a domain N-terminal to the zinc fingers (53 amino acids), as well as parts of the acidic region and of the serine/threonine-rich region extending into the C-terminal portion (32 amino acids). Similar to human, the Fugu protein is characterized by a C-terminal extension, where it shares some patches of identical amino acids with the human protein. The DNA binding domain, represented by the zinc fingers, is best conserved with 90.5% amino acid identity and about 94% similarity to mouse and human, whereas, as mentioned, the identity at the nucleotide level is about 80% (as summarized in Figure 3) . The overall amino acid identity between the Fugu and mammalian transcription factors is 57%. Most of the nucleotide differences in the zinc finger region occur in third codon positions, which, due to the degeneracy of the genetic code, rarely affect the encoded amino acid.
Expression and Activity
To test the biological activity of Fugu MTF-1, the cDNA was inserted into an expression vector under the control of the strong enhancer/promoter of cytomegalovirus (CMV) (Boshart et al., 1985) . Human 293 cells were transfected with either the Fugu or human MTF-1 cDNA, and nuclear extracts were analyzed by bandshift using end-labeled oligonucleotides as indicated in Figure 4A . The Fugu MTF-1 protein was able to bind all MRE sequences offered and there was no significant difference in the binding affinity between Fugu and human MTF-1. Protein binding of the oligonucleotide was specific, since the MTF-DNA complexes could be competed by an excess of unlabeled MRE-s oligonucleotide, but not with an excess of unlabeled Sp1 oligonucleotide ( Figure 4A) .
Transcriptional activation by Fugu and human MTF-1 was compared by cotransfection of the cDNA expression clones into mouse MTF-1 null mutant cells, together with the reporter gene driven by the genuine mouse metallothionein-I promoter (Radtke et al., 1993 . As shown in Figure 4B , Fugu MTF-1, like its human counterpart, stimulates transcription from this promoter. Upon zinc induction, the transcription level of the reporter gene is boosted several fold by Fugu MTF-1. Treatment with cadmium, a highly toxic heavy metal and strong inducer of metallothionein gene transcription, also activates the metallothionein-I promoter via Fugu MTF-1 ( Figure 4B ). (Radtke et al., 1993) , but here the MRE-s band is stronger due to higher specific activity of the oligonucleotide. (B) Mouse Dko7 cells, which were shown before to depend on transfected MTF-1 for metal induction , were transfected with MTF-1 cDNA clones from Fugu (fMTF-1) and human (hMTF-1). MTF-1 from either species restored the basal level of transcription from the metallothionein-I promoter, and upon zinc or cadmium treatment of cells an additional stimulation was observed. The autoradiogram of the S1 nuclease mapping is shown underneath the bar diagram, whereby transcript signals were normalized to the signals from a cotransfected reference gene (see Materials and Methods). The basal expression level with human MTF-1 was arbitrarily set as 1.0.
Discussion
Structural and Functional Conservation between Fugu and Mammalian MTF-1
A comparison between the MTF-1 protein sequences in mouse, human, and Fugu revealed four regions in the MTF-1 protein which have remained highly conserved over some 400 million years of evolution. The zinc finger DNA binding domain is the most conserved part when comparing Fugu and mammals, which underlines its significance for specific DNA recognition. The two cysteine and histidine residues at both extremities of one finger, which are involved in the tetrahedral coordination of a zinc atom, are the same in every zinc finger of all three species. The position at four residues after the second cysteine, that is generally an aromatic or aliphatic amino acid (F or Y), is also conserved in all three organisms. Hence, mouse, human, and Fugu MTF-1 possess the same type of zinc fingers with the following consensus pattern: C-X(4)-C-X(3)-(F or Y)-X(8)-H-X(3)-H. Accordingly, it is not surprising that mammalian and Fugu MTF-1 exhibit very similar, if not the same DNA binding properties ( Figure 4A ). The other conserved portions, especially a 32 amino acid stretch towards the C-terminus with a prevalence for hydrophobic residues that has not been noted before, deserve further investigation. By contrast, sequences at the N-terminus and along the proline-rich activation domain are most dissimilar. These parts of the protein have either acquired different functions in mammals and Fugu, or they are of lesser importance and thus more prone to drift. Nevertheless, in DNA binding and transfection experiments, MTF-1 had the same properties as mammalian MTF-1: in mouse MTF-1 null mutant cells, the Fugu MTF-1 protein is able to confer both basal and heavy metal-inducible transcription from a natural metal-responsive promoter. Moreover, induction with zinc and cadmium further elevated reporter gene expression ( Figure 4B ), as was previously found for mouse and human MTF-1 Brugnera et al., 1994) .
The Fugu and human MTF-1 proteins are characterized by a C-terminal extension as compared to mouse MTF-1. Since the factors of Fugu, man, monkey, cattle, deer (Tragulus javanicus) and rabbit migrate at the same position in bandshift assays, and only rat and mouse show a faster migrating form of MTF-1, it can now be safely concluded that rat and mouse MTF-1 were truncated during evolution (see also Brugnera et al., 1994) .
Genomic Organization of the Fugu MTF-1 Gene
The Fugu MTF-1 gene covers 6423 bp from first to last amino acid. The gene contains at least 11 exons, four of which encode the zinc finger DNA binding domain. Although the MTF-1 genomic sequence from the mouse is not yet complete and so far only sequenced until the last zinc finger exon (about 19.5 kb), we estimate that the mouse gene is more than four times longer than the Fugu MTF-1 gene. Comparison with the Fugu MTF-1 genomic sequence revealed the same overall organization, whereby the intron/exon boundaries are conserved to the nucleotide between the two species. The major structural divergence between the two genomic sequences is that the mouse MTF-1 gene contains an additional short exon corresponding to the 5Ј UTR of the mRNA (Figure 2A vs. 2B). Presently, it can not be excluded that an additional leader exon (not coding for protein) may exists upstream of the start codon in Fugu.
A common feature among vertebrates is that the first intron is often the largest one. In the Fugu MTF-1 gene the intron size varies considerably (from 66 bp up to 1.6 kb), and indeed the first intron is the longest. It is generally assumed that the first introns are long because they carry some essential regulatory sequences (e.g., Hawkins, 1988) .
Although in most Fugu genes AATAAA serves as a polyadenylation signal, non-canonical signal sequences such as AGTAAA, AATTAAA, and AACAAA are sometimes utilized (Sathasivam et al., 1997) . Several canonical and non-canonical polyadenylation signals of Fugu MTF-1 lie relatively far downstream of the last coding amino acid, which suggests a long 3Ј UTR in the MTF-1 mRNA. This is consistent with the situation in mammals where Northern blot analysis revealed the presence of a single 4 kb mRNA specific for MTF-1 (Radtke et al., 1993) . 5Ј extension by RACE indicates that the mammalian MTF-1 mRNA has a short leader (A. Auf der Maur and O. Georgiev, unpublished), which means that the protein coding sequence is confined to the first half of MTF-1 mRNA. Taken together and assuming that there are no additional introns downstream of the MTF-1 stop codon, the Fugu MTF-1 messenger would be about 5200 nucleotides in size, approximately 1 kb longer than the corresponding mammalian messenger RNA.
In mammals, the context of the initiator ATG follows the consensus sequence (ccRccATGG) whereby ..AccATGG appears to function most efficiently (Kozak, 1986) . In mouse and human, the MTF-1 initiation sequences are gaGccATGG and gaAccATGG, respectively. The translation start sequence in Fugu (ggAccATGA) does not quite match an optimal Kozak sequence in mammals. However, an inspection of the known translation start sites from various Fugu genes reveals a large variability in the context of the start codon, with a generally lower match to the Kozak sequences as compared to their mammalian counterparts (A. Auf der Maur, unpublished).
The Upstream Adjacent Gene Is a Phosphatase (INPP5P) in Fugu and Mouse
Our data also show that the upstream adjacent gene in both species is inositol polyphosphate 5-phosphatase II (INPP5P), which indicates that the gene order at the MTF-1 locus has been conserved during 400 million years of evolution. Other examples of conserved gene order between Fugu and mammals are provided by Elgar (1996) , Trower et al. (1993) , and Aparicio et al. (1995) . In agree-ment with our sequencing results, MTF-1 and INPP5P were physically mapped to the same chromosomal locus in human: 1p33 and 1p34, respectively (Brugnera et al., 1994; Janne et al., 1994) . Surprisingly, even in the mouse, the intergenic distance between INPP5P and MTF-1 is only about 1 kb, which is as short as in Fugu. The mammalian 75 kDa inositol polyphosphate 5-phosphatase is ubiquitously expressed, with some tissue-specific variants from alternative splicing. It hydrolyzes several important mediators of intracellular calcium homeostasis, including inositol-1,4,5-trisphosphate, and thus inhibits the signal transduction processes that are mediated by the phosphoinositide kinases and phospholipase C (Speed et al., 1995;  for review see Erneux et al., 1998) .
The MTF-1 Promoters in Fugu and Mouse are Associated with CpG Islands of Different Makeup
It has long been known that in mammals the frequency of the CpG dinucleotide is generally low, only about 20% of the statistical expectation. This is attributed to cytosine methylation at CpG sites followed by oxidative deamination of methylated cytosine to thymine. Thus, in 1985, it came as a surprise that the mammalian genome contains interspersed short stretches (0.5 -2 kb) of elevated [G + C] content and high CpG frequency (60 -100% of the statistically expected value). Most of these so-called HTFs, or CpG islands (Bird et al., 1985) were later found to represent promoter regions of housekeeping and some other genes (Lindsay and Bird, 1987; Cross and Bird, 1995) . CpG islands are normally non-methylated, with the consequence that the frequency of the dinucleotide CpG is not reduced, unlike in other parts of the genome. CpG islands may also act as origins of DNA replication (Delgado et al., 1998) .
MTF-1 is ubiquitously expressed in mammals, thus it could be expected that its promoter comprises a CpG island. Indeed, both Fugu and mouse MTF-1 genes were found to be associated with a CpG island at their 5Ј end. However, the pufferfish genome does not seem to follow quite the same pattern as the mammalian ones. Firstly, the overall CpG frequency of the pufferfish genome (50% of statistical expectation) is not suppressed as much as it is in mammals (20% of expectation). Secondly, mammalian and avian CpG islands are relatively rich in [G + C] when compared to the surrounding DNA, whereas in the Fugu MTF-1 locus neither the upstream nor the downstream CpG islands have an elevated [G + C] content (Figures 2A vs. 2B ). This property is consistent with the previously reported features of CpG islands in other fish species such as trout and carp, with a [G + C] content of only 44% compared to 65 -70% [G + C] in mammalian CpG islands (Cross et al. 1991 ; see also Matsuo et al., 1993) . Furthermore, in Fugu the promoters of the six Surfeit gene homologs are also associated with CpG islands, like the Surfeit genes of higher vertebrates, but are of the same [G + C] content as their flanking DNA (Armes et al., 1997) .
The DNA sequence motif that is specifically bound by MTF-1 and confers metal-responsive transcription has been dubbed metal responsive element (MRE). MREs found in fish metallothionein promoters exhibit two interesting features: Firstly, unlike mammalian MREs, 5Ј and 3Ј sequences outside the TGCRCNC core consensus sequence are rather A+T-rich, which is in line with a generally low [G + C] content of fish CpG islands (A. Auf der Maur, unpublished). Secondly, there is a remarkable abundance of a particular MRE sequence, named MRE-s, in fish MT promoters analyzed to date. MRE-s was originally designed by Radtke et al. (1993) as a consensus MRE that, unlike the frequently used MREd sequence, does not contain an overlapping Sp1 binding site. Nevertheless it binds MTF-1 as strongly as the strong MREd binding site from the mouse metallothionein-I promoter.
Many mammalian CpG islands contain binding sites ('GC-boxes', core consensus GGGCGG) for the ubiquitous zinc finger transcription factor Sp1. Sp1 seems to contribute to maintaining CpG islands free of methylation (Brandeis et al., 1994; Macleod et al., 1994; Silke et al., 1995) . In line with a generally low [G + C] content, the putative Fugu MTF-1 promoter region analyzed here does not contain any clearcut Sp1 binding sites. The large difference in the [G + C] content between mammals and fish raises the question whether there is a correlation between [G + C] content of CpG islands and body temperature. Alternatively, and more likely to us, it could be argued that the fish CpG islands may represent an early stage of evolution. (However, this does not mean that the pufferfish Fugu, and fish in general, can be considered 'primitive' vertebrates. In fact, they are highly sophisticated in particular aspects of development and biology; Aparicio et al., 1997) . Even between rodents and primates, systematic differences in CpG island features were observed (Matsuo et al., 1993; Antequera and Bird, 1993) and attributed to the problem of genome maintenance in large, long-lived animals (Matsuo et al., 1993) .
Materials and Methods
Isolating Cosmids Containing the Fugu MTF-1 Gene
A gridded Fugu genomic cosmid library containing 76 000 clones was probed with three different fragments of human MTF-1 cDNA [NcoI -KpnI (417 bp), KpnI -DraIII (309 bp), EcoRI -XmaI (922 bp)]. Probes were labeled by random hexamer priming using [␣- 32 P]dATP. Filters were hybridized overnight in 0.5 M NaHPO 4 , 7% SDS, and 1 mM EDTA at 50°C (Church and Gilbert, 1984) , washed in 40 mM NaHPO 4 , 1% SDS until the background became very low (the lower limit usually was about 20 -40 cps, detected by a lab Geiger counter). Filters were exposed on PhosphorImager screens (Molecular Dynamics). A single Fugu cosmid (017D12) was found to hybridize with all three probes. The identity of the MTF-1 gene was initially confirmed by sample shotgun sequencing of whole cosmid DNA at the HGMP Resource Centre. Subsequently, we performed restriction digests of cosmid 017D12 in combination with hybridization experiments to map the MTF-1 gene within this cosmid. The overlapping positive fragments from cosmid 017D12 were subcloned into pBluescript II SK -(Stratgene). Individual clones were partially deleted using the double-stranded Nested Deletion Kit (Pharmacia) and se-quenced from a single primer site using dideoxy chain termination sequencing (Sanger et al., 1977) and an automated gel reader (373A, Applied Biosystems).
RT-PCR
RT-PCR was performed using the Titan One-Tube-RT-PCR kit according to the supplier's information (Boehringer Mannheim). Fugu total kidney or total liver RNA was incubated with 20 pmol each of both primer pairs in the same tube for 1 min at 94°C for denaturation and 2 min 65°C for annealing and was stored on ice immediately until the RT-PCR mix was added. The RT-PCR was performed as follows. A pre-cycle of 35 min at 58°C and 2 min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 63°C and 2 min at 68°C, and a final cycle of 30 min at 68°C. The following primer pairs were used to amplify respective fragments of Fugu MTF-1:
with 5Ј-CTGAGGCATAGTGAATGATTTGCATC-3Ј; 5Ј-TCCAGGTTCCACTCCCATGCCTCG-3Ј
with 5Ј-GACAGGCAGACTAAGGCCAATCTG-3Ј; 5Ј-AATGGGAGGAAATGCTGGTAACTC-3Ј
with 5Ј-CACAAAACGCCAAACTCAGATCAG-3Ј.
All these primers gave a single product of the expected size. The RT-PCR products were blunt-end ligated into pBluescript II SK -and sequenced from both ends.
Construction of DNA Templates and Expression Vectors
The reporter and reference plasmids used in the transfection assays are based on the OVEC-1 reporter system (Westin et al., 1987) . The mouse metallothionein-I reporter promoter used has been described by Radtke et al. (1993) . The human MTF-1 expression vector is described in Heuchel et al. (1994) . After reconstruction of the full-length Fugu MTF-1 ORF in pBluescript II SK -, the entire cDNA was cut out with MunI/KpnI and cloned into pc DNA I (Invitrogen).
Cell Culture
Human 293 cells and Dko7 cells were grown in DMEM (GIBCO) supplemented with 5% fetal calf serum (GIB-CO) and 5% newborn calf serum (GIBCO), 100 U/ml penicillin and 100 U/ml streptomycin and 2 mM L-glutamine.
Transfections and S1 Nuclease Mapping
Transfections and S1 nuclease mapping of transcripts were performed as described previously (Kemler et al., 1991; Radtke et al., 1993) . The mouse metallothionein-I reporter construct (10 g) was transfected either with an expression plasmid carrying Fugu or human MTF-1 cDNA (5 g) and 1.5 g of OVEC-ref-1. For heavy metal induction, ZnSO 4 was added to the tissue culture medium to a final concentration of 100 M, and CdCl 2 to a final concentration of 50 M or 100 M, for 4 hours before cell harvesting. S1 nuclease data were quantified using a PhosphorImager and normalized with the OVEC-ref signals as described in Westin et al. (1987) .
Electrophoretic Mobility Shift Assay (EMSA)
EMSA was performed as described by Radtke et al. (1993) . Binding reactions were performed by incubating 2 -5 fmoles of endlabeled, 31 bp long MRE-containing oligonucleotides with nuclear extracts obtained according to the protocol of Schreiber et al. (1989) . For competition experiments, 2 pmol of unlabeled oligonucleotide was added to the reaction mixture prior to the addition of the extract. The MRE oligonucleotides used for EMSA are as follows: MREd:
5Ј-CGAGGGAGC TCTGCACTCCGCCCGAAAAGTG-3Ј 3Ј-TCGAGCTCCC T CGAGACGTGAGGCGGGC T T T TCACAGCT-5Ј
MRE-s:
5Ј-CGAGGGAGCTCTGCACACGGCCCGAAAAGTG-3Ј 3Ј-TCGAGCTCCC TCGAGACGTGTGCCGGGCT T TTCACAGCT-3Ј MRE derived from the human G6PD promoter:
5Ј-CGAGGGAGAGCTGCACCCGTGCCGAAAAGTG-3Ј 3Ј-TCGAGCTCCC TC TCGACGTGGGCACGGCT T T TCACAGCT-5Ј fish MRE derived from the stone loach (Noemacheilus barbatulus) MT-gene (X70043):
5Ј-CGAGATCGCT T TGCACACGGCAC TGAGTGAG-3Ј 3Ј-TCGAGCTC TAGCGAAACGTGTGCCGTGAC TCAC TCAGCT-5Ј
Sp1:
5Ј-CCGGCCCCGCCCATCCCCGGCCCCGCCCATCC-3Ј 3Ј-GGCCGGGGCGGGTAGGGGCCGGGGCGGGTAGG-5Ј
Database Searches and Computer Analysis
Splice sites and intron/exon boundaries were determined by alignment of the genomic sequence with the mouse and human MTF-1 cDNA and by sequencing reverse transcription PCR fragments from Fugu RNA. Homology searches were carried out using the NCBI blast server (Altschul et al., 1997) . Sequence alignments and CpG plots were performed using the GCG software package.
